Excitonic Instability and Pseudogap Formation in Nodal Line Semimetal ZrSiS by Rudenko, A.N. et al.
PDF hosted at the Radboud Repository of the Radboud University
Nijmegen
 
 
 
 
The following full text is a preprint version which may differ from the publisher's version.
 
 
For additional information about this publication click this link.
http://hdl.handle.net/2066/191871
 
 
 
Please be advised that this information was generated on 2019-06-01 and may be subject to
change.
ar
X
iv
:1
71
2.
07
91
6v
3 
 [c
on
d-
ma
t.s
tr-
el]
  1
3 J
un
 20
18
Excitonic Instability and Pseudogap Formation in Nodal Line Semimetal ZrSiS
A. N. Rudenko1,2,4,∗ E. A. Stepanov2,4, A. I. Lichtenstein3,4, and M. I. Katsnelson2,4
1School of Physics and Technology, Wuhan University, Wuhan 430072, China
2Institute for Molecules and Materials, Radboud University, Heijendaalseweg 135, 6525 AJ Nijmegen, The Netherlands
3Institute for Theoretical Physics, University of Hamburg, Jungiusstrasse 9, D-20355 Hamburg, Germany
4Theoretical Physics and Applied Mathematics Department, Ural Federal University, Mira Street 19, 620002 Ekaterinburg, Russia
(Dated: June 14, 2018)
Electron correlation effects are studied in ZrSiS using a combination of first-principles and model approaches.
We show that basic electronic properties of ZrSiS can be described within a two-dimensional lattice model of
two nested square lattices. A high degree of electron-hole symmetry characteristic for ZrSiS is one of the
key features of this model. Having determined model parameters from first-principles calculations, we then
explicitly take electron-electron interactions into account and show that, at moderately low temperatures, ZrSiS
exhibits excitonic instability, leading to the formation of a pseudogap in the electronic spectrum. The results can
be understood in terms of Coulomb-interaction-assisted pairing of electrons and holes reminiscent of that of an
excitonic insulator. Our finding allows us to provide a physical interpretation of the unusual mass enhancement
of charge carriers in ZrSiS recently observed experimentally.
ZrSiS belongs to a class of three-dimensional materials that
feature a nodal line in the electronic band structure, result-
ing from linearly dispersed bands forming cones reminiscent
of the Dirac cones [1–3]. Recently, ZrSiS has been exten-
sively studied experimentally, demonstrating a rich variety
of remarkable properties [4–9]. Among these are a strongly
nested Fermi surface [1, 2], a large g factor [3], topologically
nontrivial states [4–6], and unconventionalmass enhancement
of quasiparticles near the nodal line, as indicated by quantum
oscillations measured in high magnetic fields [10]. The latter
finding suggests the importance of electron correlation effects
in the properties of ZrSiS, which may contribute to the real-
ization of exotic quantum states in this material.
In this Letter, we study many-body effects in ZrSiS. We
begin with constructing a tractable lattice model on the ba-
sis of density functional theory (DFT) calculations. We then
consider a two-orbital Hubbard Hamiltonian within the lad-
der approximation in the form suggested in Refs. 11 and 12.
We find that at moderately low temperatures ZrSiS enters in
the regime of exciton instability, leading to the formation of a
pseudogap in the electronic spectrum.
Model.—We first calculate the electronic structure of ZrSiS
using DFT. Specifically, we used generalized gradient approx-
imation [13] in combination with the projected augmented-
wave method [14] as implemented in the vasp code [15, 16].
Kinetic energy cutoffwas set to 200 eV and the Brillouin zone
was sampled by a (16 × 16 × 8) zone-centered k-point mesh.
Experimental lattice parameters that were used were obtained
from single-crystal diffraction studies [2]. The resulting band
structure is shown in Fig. 1, which is in full agreement with
other studies, including Ref. 2. In the vicinity of the Fermi en-
ergy, one can see the characteristic feature of the ZrSiS band
structure that is conical intersections of bands forming the line
of crossing points (nodes).
To make the description of the ZrSiS single-particle elec-
tronic structure more tractable, we aim at the construction of
a low-energy tight-binding (TB) model. To this end, we ex-
ploit the formalism of maximally localized Wannier functions
(WFs) [17–19], which allows us to find a unitary transforma-
tion that projects the DFT eigenstates onto the set of Bloch
functions that are supposed to describe bands in the relevant
energy region. Having done this, one can construct the TB
Hamiltonian defined in the optimal WF basis. A minimal
model that would describe the nodal line structure of ZrSiS
requires two orbitals. Taking this into account, we utilize the
criterion of maximal localization in order to find two relevant
WFs for ZrSiS [20], whose resulting real-space representa-
tion is shown in Fig. 1. One orbital w(A)
R
(r) is localized on
the Zr atom and resembles a cubic harmonic of dxy symme-
try, whereas the other orbital w(B)
R
(r) is more delocalized and
is situated in a region between one Zr and two Si atoms. The
corresponding linear spreads amount to 3.1 and 3.8 Å, respec-
tively. The energy bands being the eigenvalues of the Wannier
Hamiltonian are shown in Fig. 1, from which one can see a
good match between the DFT and Wannier projected bands in
the vicinity of the Fermi energy. Importantly, by projecting
the Bloch states ψn
k
(r) onto the resulting WF, one can see that
|ψ1
k
〉 ≈ |w
(A)
k
〉 and |ψ2
k
〉 ≈ |w
(B)
k
〉, meaning that each Bloch band
is primarily composed of a single WF, and that the overlap be-
tween different Bloch bands 〈ψ1
k
|ψ2
k
〉 is essentially zero at any
k point, as depicted by the color of the bands in Fig. 1.
The resulting lattice model for ZrSiS is schematically
shown in Fig. 2. The model is given by two nested square
sublattices (A and B) in two dimensions. The corresponding
Hamiltonian reads
H =
∑
i j∈A
(
t
i j
+ ∆δ
i j
)
a
†
i
a
j
+
∑
i j∈B
(
t
i j
− ∆δ
i j
)
a
†
i
a
j
, (1)
where a†
i
(ai) is the creation (annihilation) operator,∆ = 0.835
eV is the on-site energy shift originating from the difference
between the sublattices, and ti j are the dominant hoppings pa-
rameters, which are restricted to the next-nearest-neighbor in-
teractions within each of the sublattice: tAA and tBB. Remark-
ably, tAA ≈ −tBB ≈ 0.74 eV, while the intersublattice hopping
amplitude is considerably smaller, tAB ∼ 0.1 eV ≪ tAA, and,
therefore, it is not considered here, which significantly simpli-
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FIG. 1. (Top) Band structure of ZrSiS calculated by projecting the
DFT Hamiltonian onto WFs obtained within the scheme of maxi-
mal localization. Color indicates projection of Bloch states on WFs
forming sublattices A and B. Original DFT structure is shown for
reference. Notation of high-symmetry points of the Brillouin zone
is the same as in Ref. 2. Horizontal dashed line corresponds to the
Fermi energy. (Bottom) Real-space representation of WFs being the
basis of the TB Hamiltonian used in this Letter to describe many-
body effects in ZrSiS. Gray, blue, and yellow balls depict Zr, Si, and
S atoms, respectively.
fies the model. Although some changes in the band structure
shown in Fig. 2 are noticeable (cf. Fig. 1), the main charac-
teristics of the spectrum remain unchanged. It is important to
emphasize that the Hamiltonian given above is diagonal in the
sublattice basis. In k space, the diagonal elements have the
form
ε±(k) = ±2tAA[coskxa + coskya] ∓ ∆, (2)
where a = 3.55 Å is the lattice constant in ZrSiS. Impor-
tantly, the absence of off-diagonal elements means, particu-
larly, that the given model would not reproduce a nontrivial
pi Berry phase observed experimentally [4–6, 10]. In order to
restore the topologically nontrivial behavior, one would need
to include the tAB hopping parameter in the model [22]. How-
ever, in the context of strong correlations, the small magnitude
of tAB allows us to neglect it, at least, as the first approxima-
tion, when considering many-body phenomena of interest.
As it was shown in Refs. 23 and 24, a semimetal with
congruent electron and hole Fermi surfaces exhibits a strong
instability of the ground state with respect to the electron-
hole coupling, which is mediated by the Coulomb interaction.
Formally speaking, this instability is similar to formation of
Cooper pairs in superconductors in the sense that electron-
hole symmetry is playing the same role as time-reversal sym-
metry for the superconductors. It is not easy, however, to find
Sublattice A Sublattice B
tBB
tAA
a
a
∆−
∆+
Γ X M Γ Z R A Γ
−3
−2
−1
0
1
2
3
DOS
E
n
er
g
y
(e
V
)
FIG. 2. (Top) Schematic illustration of the lattice TB model used in
this Letter to describe single-particle states in ZrSiS. (Bottom) Band
structure and density of states of the corresponding model.
a system with high enough degree of electron-hole symme-
try. Graphene [25] is the most well-known example; how-
ever, a vanishing density of states near the neutrality point
suppresses essentially the potential instabilities [26, 27]. Bi-
layer graphene is another example for the realization of the
excitonic instabilities, widely discussed in the literature [28–
32].
Within our model for ZrSiS, the dispersion of elec-
trons [Eq. (2)] is diagonal in the sublattice {A, B} space, and
it exhibits a high degree of electron-hole symmetry εA(k) =
−εB(k). Furthermore, the nodal line band topology ensures a
finite density of states at the Fermi energy, which makes ZrSiS
a natural candidate for the excitonic insulator or, at least, for a
system in the vicinity of a quantum phase transition to the ex-
citonic insulator phase (“virtual” excitonic insulator). There-
fore, it is instructive to consider electron-electron interactions
explicitly, which is done in this Letter at the level of the two-
orbital Hubbard model.
Coulomb interaction.—Before considering many-body ef-
fects in ZrSiS, we estimate the strength of the Coulomb in-
teractions in this material. As we are aiming at solving
the two-orbital Hubbard model, we are interested in the par-
tially screened Coulomb interaction U = (1 − VP)−1V , where
Vi j = 〈i j||r − r
′|−1|i j〉 is the bare interaction, and P is the static
polarizability calculated here within the constrained random
phase approximation [33, 34]. The resulting on-site and inter-
site Coulomb-interaction parameters estimated to UAA = 2.00,
UBB = 1.22, andUAB = 0.97 eV, respectively, which are deter-
3mined in theWF basis defined above. As expected, the on-site
interactions are different for the two sublattices, which is at-
tributed to different orbital localization. In contrast to typical
transition metal compounds, where intersite Coulomb inter-
action within the d shell is essentially screened by conduction
electrons [35], intersite coupling in ZrSiS is not more than two
times smaller than the on-site interaction, i.e., Uii/Ui j . 2,
typical to p-electron systems [36–38]. The presence of a non-
negligible interaction between the sublattices will result in a
Coulomb mixing of the relevant low-energy states in ZrSiS.
Consideration of Coulomb interactions leads to the follow-
ing action of the two-orbital Hubbard model written in mo-
mentum space
S = −
∑
k,α
a∗kα
[
iν + µα − εα(k)
]
akα (3)
+
∑
q,α
Uαα nqα↑ n−qα↓ +
1
2
∑
q,α,β
Uαβ nqα n−q β.
Here, variables a∗
kα
(a
kα
) correspond to creation (annihilation)
of an electronwith momentumk and fermionicMatsubara fre-
quency ν on a sublattice α = {A, B}. nqα =
∑
k a
∗
kα
a
k+qα
is an
electronic density for the momentum q and bosonic Matsub-
ara frequency ω. For simplicity, we use the combined nota-
tions for momentum and frequency k = {k, ν} and q = {q, ω}
for electronic and bosonic variables, respectively. Then, the
bare Green’s function of the model is diagonal in the sublat-
tice α = {A, B} space and reads Gα(k) = [iν + µα − εα(k)]−1.
Formation of a pseudogap.—Similar to the case of super-
conductivity, the electron-hole instability [23, 24] takes place
at decreasing temperatures. At the critical temperature Tc, the
system may undergo the second-order phase transition toward
the symmetry broken phase, characterized by anomalous aver-
ages; for the case of superconductivity, they describe Cooper
pairing, while in the case under consideration, they couple
electron and hole states. The ordered phase is characterized
by the formation of the bound electron-hole pairs, which leads
to a (pseudo)gap opening in the electronic spectrum. From the
symmetry point of view, this works like an effective spin-orbit
coupling, yet without the relativistic smallness parameter (i.e.,
can yield a much larger gap) and being strongly temperature
dependent. Above the critical temperature, a pseudogap can
arise due to fluctuation effects, similar to the antiferromag-
netic pseudogap in the quantum two-dimensional antiferro-
magnet at finite temperatures [39]. Unlike the case of a super-
conductor, where the fluctuation effects are small due to the
long-range character of the Cooper pairing, the situation may
be different for the case of excitonic pairing since there are no
reasons to a priori assume a very large exciton radius.
To capture the relevant fluctuation effects in ZrSiS, let us in-
troduce the electronic self-energy Σα(k) that takes correlation
effects in the particle-hole (excitonic) channel into account. In
order to describe the main contribution that leads to the insta-
bility, the self-energy is taken in the following form
, (4)
or
Σα(k) =
∑
q, β
Wαβ(q)Gβ(k + q), (5)
where the renormalized interaction
Wαβ(q) = Uαβ
[
1 − X0αβ(q)Uαβ
]−1
(6)
contains the two-particle ladder diagrams that couple elec-
trons of different sublattices
X0αβ(q) =
∑
k′
Gα(k′)Gβ(k′ + q) (7)
via the Coulomb interaction. The calculation of the self-
energy [Eqs. (5)−(7)] is performed on a 128×128k mesh with
512 Matsubara frequencies using the fast Fourier transform
scheme, similar to Ref. 40. Then, the renormalized Green’s
function is given by the usual Dyson equation
G−1α (k) = G
−1
α (k) − Σα(k). (8)
Finally, we perform a Pade´ continuation [41] of the renormal-
ized Green’s function Gα(k, ν) from the Matsubara axis to the
real frequencies G(k, E) and calculate the spectral function
A(k, E) = − (1/pi) ImG(k, E) for different temperatures. At
high enough temperatures, no significant changes of the spec-
tral function are observed.
In Fig. 3, we show the resulting spectral function, as well
as the density of states, calculated in the vicinity of the phase
transition. One can see that at Tc ≈ 135 K the band crossing
between the Γ and X points disappears, accompanied by a pro-
nounced dip in the density of states. Therefore, one can see
that there is a phase transition induced by many-body effects.
Indeed, similar to [39], the renormalized interaction (6) that
couples electrons from two different sublattices WAB(q → 0)
depends on the temperature and diverges in the region close to
the phase transition. This dependence follows from the loga-
rithmic divergence of X0(q → 0) ∝ −N(0) ln(∆/T ) for zero
doping, where N(0) is the density of states at zero Fermi en-
ergy, and ∆ is a cutoff of the order of bandwidth [23, 24]. As
a result, WAB(q → 0) ≈ 1/ln(T/Tc). In Ref. 10, the effect of a
band renormalization was observed in strong magnetic fields.
According to the experiment, the effective mass in ZrSiS de-
pends not only on T , but also on B, which is the magnitude of
the magnetic field. It can be shown that the magnetic field cuts
off the logarithmic divergence responsible for the excitonic in-
stability at energies on the order of the cyclotron frequency,
~ωc ∼ B. It means that in the expression for X0 given above,
T is to be replaced by max{T, ~ωc}. Similar behavior was re-
cently theoretically predicted and experimentally observed for
the Fermi velocity renormalization in graphene [42].
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FIG. 3. Renormalized spectral function A(k,E) = (1/pi)ImG(k,E)
and density of states of ZrSiS calculated near the transition tempera-
ture Tc = 135 K at which a pseudogap is formed.
The calculated temperature dependence of 1/X0
AB
(q → 0)
relative to the intrasublattice Coulomb interaction UAB is
shown in Fig. 4. The condition U
AB
X0
AB
(q → 0) = 1 in
Eq. (6) ensures a large contribution to the self-energy (5).
At zero doping it results in the formation of the pseudogap
in a narrow region of temperatures close to Tc ≈ 135 K, as
shown in Fig. 3. As one can also see from Fig. 4, the critical
temperature Tc strongly depends on doping, which breaks the
particle-hole symmetry and suppresses the instability. Even a
small shift of the Fermi energy by εF = 10 meV results in a
considerable decrease of Tc, whereas at higher values of εF ,
the phase transition becomes fully suppressed. This behavior
is similar to suppression of singlet superconductivity by the
magnetic field.
It is worth noting that the resulting phase diagram is very
sensitive to detailed values of the parameters and especially to
the intersublattice coupling parameter UAB. Given that long-
wavelength correlations are not considered explicitly in the
model (3), one may expect that the properly defined parameter
UAB can be further reduced by screening due to nonlocal inter-
actions neglected in our formalism [43]. In turn, the reduction
of UAB can lead to a considerable lowering of the transition
temperature Tc, what immediately follows from Fig. 4. How-
ever, we note that the transition to the phase of excitonic pair-
ing cannot be fully suppressed as long as particle-hole symme-
try is strictly preserved. Probably only experiment can decide
whether this condition is achievable in practice, and whether
ZrSiS becomes a truly excitonic insulator at low enough tem-
peratures or just close enough to the instability. The existence
of an excitonic pseudogap cannot be conclusively supported
by the reported angle-resolved photoemission spectroscopy
data (e.g., Refs. 1 and 2), which might be related to the lim-
ited resolution, not sufficiently low temperatures, or external
factors breaking the electron-hole symmetry (e.g., doping).
Nevertheless, our results appear sufficient to explain qualita-
tively a strong renormalization of the effective mass observed
in Ref. 10. Further experiments, such as infrared optical mea-
surements or scanning tunneling microscopy, may be needed
to provide more consistent information on the many-body ef-
fects in ZrSiS.
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FIG. 4. Inverse intersublattice susceptibility 1/X0
AB
(q → 0) calcu-
lated as a function of temperature for different Fermi energies corre-
sponding to different values of hole doping. Intrasublattice Coulomb
interaction (UAB) estimated within RPA is shown for reference.
Conclusion.—To conclude, we have demonstrated that
ZrSiS is a system with moderately strong electron-electron
interactions and a very high degree of electron-hole symmetry
near the Fermi energy, which makes it close to excitonic
instability. We predict a pseudogap formation in its electronic
spectrum at low enough temperatures. Therefore, ZrSiS is a
good example of the system where both nontrivial topology
and correlation effects are important, which should motivate
further experimental and theoretical studies.
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